Abstract Laboratory and field experiments done on fractured rock show that flow and solute transport often occur along flow channels. 'Sparse channels' refers to the case where these channels are characterised by flow in long flow paths separated from each other by large spacings relative to the size of flow domain. A literature study is presented that brings together information useful to assess whether a sparse-channel network concept is an appropriate representation of the flow system in tight fractured rock of low transmissivity, such as that around a nuclear waste repository in deep crystalline rocks. A number of observations are made in this review. First, conventional fracture network models may lead to inaccurate results for flow and solute transport in tight fractured rocks. Secondly, a flow dimension of 1, as determined by the analysis of pressure data in well testing, may be indicative of channelised flow, but such interpretation is not unique or definitive. Thirdly, in sparse channels, the percolation may be more influenced by the fracture shape than the fracture size and orientation but further studies are needed. Fourthly, the migration of radionuclides from a waste canister in a repository to the biosphere may be strongly influenced by the type of model used (e.g. discrete fracture network, channel model). Fifthly, the determination of appropriateness of representing an in situ flow system by a sparse-channel network model needs parameters usually neglected in site characterisation, such as the density of channels or fracture intersections.
Introduction
Flow and transport in fractured rock at multiple scales continue to be an active area of scientific investigation (Berkowitz 2002; Neuman 2005; Sahimi 2011; Tsang 2005; Tsang et al. 2015) because of on-going research in several countries as part of their development of nuclear waste repositories in fractured rock deep underground. In particular, Sweden is planning a nuclear repository in the municipality of Forsmark (SKB 2008) , and in Finland, a nuclear waste repository has been proposed for construction in Olkiluoto (Posiva 2009a (Posiva , b, 2012 ) and a construction license was granted in 2015. Results of field and laboratory experiments conducted in fractured rocks show that fracture surfaces are not parallel so that the fracture apertures are not uniform, and water flow through the apertures would then take the least-resistant pathways, resulting in a network of channelised flow paths. Furthermore, the fractures in a fracture network have permeabilities that may be orders of magnitude different from each other, which also causes flow channelling along paths of least flow resistance at a large scale (Tsang and Neretnieks 1998) .
As an important subset of such flow channels, the sparse channel network model is characterised by flow in long flow paths separated from each other by large spacings that are comparable or not too many times smaller than the size of the flow domain of interest (Black et al. 2007) .
Pressure test data allow the possibility of identifying the flow dimension and potentially provide information related to channel network characteristics. For example, the flow dimension may be 1 at early times because flow is initially restricted to channels; then, with time, the flow in channels reaches intersections with other channels and the flow spreads in space, resulting in increasing the flow dimension to 2 or 3 (Doe and Geier 1990) . A flow dimension of 3 implies a flow propagating in a three-dimensional (3D) space. Further, because of different degrees of heterogeneity, the flow may be restricted in space by varying degrees, and therefore the flow can have a fractional dimension smaller than the respective value for the homogeneous medium (Barker 1988; Doe 1991) .
The present paper concerns the state of the art and open issues related to the application of the concept of a sparse channel model in the context of performance assessment of spent nuclear fuel repositories within the KBS-3 concept (KBS-3 1983) . The KBS-3 method involves encapsulating the spent fuel in copper canisters which are then emplaced, surrounding by a buffer of bentonite clay, in deposition holes in a tunnel system in the bedrock. The specific goals of this literature review are firstly to determine if there is scientific information available that can be used to address key questions regarding the existence and significance of flow in sparse channel networks; and secondly what further studies could be conducted to gain more knowledge to answer these questions. The following key questions were identified:
1. What is the evidence of channelised flow in fractured rocks from laboratory and field measurements? Such evidence would provide insight to the characteristics of channelised flow and a basis to build up suitable channel network models for the simulation of flow and transport in tight fracture rock formations. 2. What is the relationship between generalized flow dimensions from well test analysis and sparse channel network models? This question will be addressed by summarizing the studies that have been done to evaluate how pressure test data can be used to assess the existence of channelised flow. 3. What is the significance of fracture shapes in hydraulic connectivity? The existence of long channels in a channel network model depends on hydraulic connectivity defined by the intersections of those successive fractures. The probability of intersections in fracture rock may depend in turn on their shape, e.g. circle or ellipse. 4. How does the probability of flow channels encountering a waste-canister deposition hole in a waste repository relate to the characteristics of a sparse channel model? The probability of this occurrence is of importance to the safety analysis of a spent nuclear fuel repository, because water from a flow channel entering the deposition hole may cause piping erosion during open repository conditions and buffer erosion under saturated conditions, which eventually would lead to radionuclide releases. 5. What are the specific site studies where sparse channel models have been used and what are the main findings? To answer this question, the main studies where channel models have been applied are summarised, together with comparison of results with those obtained using other models.
In the face of these objectives, this paper first presents the approaches that are commonly used to model flow and transport in fractured rocks and the concepts inherent to the use of channel models. A channel network model which has been applied in the context of the Swedish repository programme is presented. A discussion is made about the necessary model parameters and how they can be best estimated from field and laboratory data. The main concepts of sparse channel models are then presented. The five key questions identified in the aforementioned are discussed one at a time. Finally, a general discussion and conclusions are presented together with some suggestions for future work.
Modeling flow and solute transport in fractured rocks
In this section, the modelling approaches that are commonly used to model the flow and solute transport are summarised. To present a general concept of channel models, the main elements of a channel network model developed by Moreno and Neretnieks (1993) are summarised. This is then followed by a presentation of the sparse channel network developed by Black et al. (2007) .
Modelling approaches
There are a number of issues that need to be considered when modelling flow and transport in fractured rock under field conditions. These include characterisation of the fractures in the rock, development of a conceptual model and its parameterization, and upscaling of model parameters from local small-scale measurements to the scale of a repository. All these issues are complicated by a high degree of heterogeneity found in fractured rock, including that arising from aperture heterogeneity in individual fractures and variation of fracture permeability from fracture to fracture in the network. Stochastic continuum (SC), discrete fracture network (DFN), and channel network (CN) models ( Fig. 1) have been developed and used to describe the flow and solute transport in fractured rock. The characteristics of these models are summarised in Table 1 . Among these models is the channel network model, illustrated in Fig. 2 , which emphasizes the observation that flow and solute transport in fractured rocks often occur along flow channels.
The channel network model
In this section, the general concept of channel network models is presented by summarizing the main features of a particular model developed by Moreno and Neretnieks (1993) . This model was specifically developed and used to calculate flow and transport of solutes in fractured rocks and has been applied not particularly to a sparse network but to a relatively dense or well-connected channel network system. The code CHAN3D (Gylling 1997; Gylling et al. 1999a, b ) is a computational code of the channel network model of Moreno and Neretnieks (1993) . The model assumes that fluid flow takes place in a network of interconnected and randomly generated flow channels in the rock. A channel may be formed by individual channel members and it may be connected to one, two, three, or even more other channel members. In this code, up to six channels can meet at a grid point (Fig. 3) .
The channels can have orientations that are not aligned with a regular rectangular grid. This enables the model to represent large heterogeneities of the flow distribution commonly observed and to model solute transport considering Flow and transport occur primarily in preferential paths in the fracture plane, or in a system of fractures ( Fig. 2 ) Possible intersection of the channels in the three-dimensional space, forming a network of channels for the movement and mixing of flowing water Black et al. (2006) , (2007); Dershowitz and Fidelibus (1999) ; Moreno et al. (1988 Moreno et al. ( ), (1990 ; Moreno and Neretnieks (1993) ; Moreno and Tsang (1994) ; Neretnieks (1987 Neretnieks ( ), (1994 ; Rasmuson and Neretnieks (1986) ; Tsang and Tsang (1987), (1989) ; Tsang et al. (1988) ; Tsang et al. (1991) ; Tsang and Neretnieks (1998) Fig. 2 Conceptual model of a channel network to represent a multiple fracture system (from Tsang and Tsang 1987) . The flow is assumed to occur in a preferential path in the fracture plane advection, matrix diffusion and sorption in the matrix (Retrock 2004) . Matrix diffusion is the spread of the solute into the rock matrix driven by the concentration gradient between solute concentrations in the flowing fluid and in water in the porous rock matrix. The solutes may diffuse into and out of the porous rock and the stagnant water, and therefore becoming diluted and retarded (Neretnieks 1980; Moreno and Neretnieks 1993) . Sorption is defined as the process in which the solute is attached to the surface of a solid phase (Neretnieks 1993) due to several different causes. The rock may be altered near the fracture and the fracture surfaces may be covered with different mineral coatings, which will influence the access of solutes to the matrix. These are some of the important factors involved in the retarding processes that can substantially slow down transport, especially with respect to long-time and large-spatial-scale flow, such as that in the predictions of potential radionuclide transport from a nuclear waste repository to the biosphere (Neretnieks 1980; Tsang 2005; Tsang et al. 2008) .
A hydraulic conductance C ij is assigned to each member, connecting two adjacent nodes i and j of the channel network. The conductance C ij can be defined as the ratio between the flow in a channel and the pressure P difference between its ends, according to the following expression:
where Q ij is the flow rate between nodes i and j. The pressure field is calculated based on mass balance at each intersection point:
The solution of this system of equations yields the pressure at each node. Once the pressure in each node is known, the flow Q ij between adjacent nodes is calculated using Eq. (1).
The conductances of the channel members are assumed to obey some statistical distribution, which in this case is a lognormal distribution. Objects such as fracture zones, tunnels, and release sources can be incorporated in the model in a simplified manner by modifying the mean conductance of the channels at these locations. For example, channels located in a fracture zone have larger hydraulic conductivity than if they are in the rock mass. Solute transport is calculated as an electric resistor network problem resolving the distribution of pressure or potential and then solute transport is calculated using a particle tracking technique Robinson 1984) .
The data needed for a channel model are summarised in Table 2 . The channel length distribution is important when the pressure and flow field are calculated. When the solute transport is simulated, additional channel transport properties are needed. For conservative solutes, not subject to sorption and matrix diffusion, the channel volume is needed. The residence-time distribution for conservative solutes may be calculated and compared to tracer tests in order to test the assumptions of the model. The channel flow wetted surface (FWS) is an important parameter for the nuclides that are influenced by sorption and diffusion into and out of the rock matrix and depends on the channel length and width. The flow-wetted surface is defined as the area of the fractures covered by flowing water apart from the fracture areas covered by essentially stagnant water (Moreno and Neretnieks 1993) . Larsson et al. (2012) present a method to calculate FWS from statistical parameters of a fracture aperture distribution. Crawford et al. (2002) present a method for estimating the FWS of the rock mass by observation of the frequency of fractures intersecting a borehole. The values of matrix porosity, effective diffusivity, and sorption constant are needed in the model and they can be determined by laboratory tests. It is more difficult to obtain the data for the fracture zones than for the rock mass, because of the difficulties in determining, for example, the geometry and hydraulic properties of the fracture zones and their associated variation or range. Figure 4 shows an estimate of the importance and uncertainties of various parameters for simulations of fluid flow and solute transport using the channel network model. These estimates and uncertainties were obtained by a qualitative analysis only (Gylling et al. 1999a) . To do a quantitative analysis, more field and laboratory studies are needed.
In order to apply the model to a specific site, major fracture zones are included deterministically and additional data such as dip, extension, and width of these features are needed. The topography and other site characteristic data, such as, the average precipitation that might lead to infiltration, which influences the boundary conditions, are also needed. The geometry of the fracture zones can be different from site to site, but parameters like sorption and diffusion properties, on the other hand, may be similar for the same type of rock even from different sites.
Sparse channel network model
It is useful for the following discussions to define what constitutes a sparse channel network, which is the focus of the present paper. For this definition, the dimension of the flow domain of interest needs to be introduced. The size L of flow domain should correspond to the distance between the source of contaminant such as leakage of radionuclide from a waste canister in a repository to an Bobservation^or Bexit^plane, which can be the biosphere or a major fault or fracture zone through which the contaminant is assumed to escape without much retardation. In this context, the channel network is considered to be dense if the average channel spacing s is much less than L, so that contaminant transport over the distance L would flow through many intersecting channel members in multiple orientations along the gradient of the average pressure field. A highly sparse channel network is, on the other hand, the one where s is comparable to L or is only a few times smaller than s, so that the contaminant transport over the distance L is along one or several independent flow paths with no or a very few intersections with each other. Here, a flow path could be considered to be a linearly connected series of mostly high-transmissivities channel members, where each channel is connected with one inflow channel and one outflow channel. In this definition, the sparse channel network is not defined by the percolation threshold and can be indeed well above it. The degree of sparseness can then be defined in terms of the average number of intersections with other flow paths as the flow traverses the distance L, which in turn depends on the ratio L/s and other geo-statistical parameters. Figure 5 shows an example of sparse and dense channel networks.
The main characteristics of sparse channel networks is the presence of more-or-less independent long and active flow channels within a large volume of rock (Black 2011; Geier 2014) . When sparse channels intersect underground openings, a Bskin^effect is observed. Skin is usually conceived as a region immediately surrounding a borehole or an underground opening whose hydraulic conductivity is different from that of a wider region much larger than the average channel width. Positive skin effect is associated with a decrease in the value of permeability. Field experiments done at the Stripa Mine (Sweden) enabled the conclusion that inflows to the tunnel are very sparse and converge significantly to a few inflow points. This is termed hyper-convergence by Black et al. (2006) , who developed a sparse channel network model to model the flow towards the Stripa Mine. In contrast to a dense channel model, this sparse channel model was able to reproduce the hyper-convergence and the positive skin effects that limit the inflows to the tunnel as were observed.
The formation of 'compartments', in terms of hydraulic pressure head and water chemistry, is a direct consequence Gylling et al. 1999a) of the dominance of a few low conductance links within the network, the 'chokes'. Thus, where there is flow across a region of sparse channels, the measured pressure heads will seem to occur in 'patches' of roughly equal heads separated by 'jumps' of head where flow is constricted by the chokes. The chokes are then the major site of head loss in the system. In Sawada et al. (2000), a series of pressure and tracer migration experiments in fractured granite were carried out, and the results indicated hydraulic compartmentalization caused by a heterogeneous distribution of conductive fractures.
Review of studies addressing some key questions
Several key questions in the context of nuclear waste repository performance have been identified and presented in the preceding section 'Introduction', and in this section, they are discussed based on literature study.
What is the evidence of channelised flow in fractured rocks from laboratory and field measurements?
Channelling has been observed in small-and large-scale laboratory experiments in centimetres to tens of centimetres samples with natural or induced fractures. It has been also found in field experiments with scales of meters to hundreds of meters, and on walls of drifts and tunnels where water is seen to emerge in channels with widths of less than centimetres to tens of centimetres. The experimental observations show that the flow-rate distribution is very large among channels. Tsang and Neretnieks (1998) give an overview of a large number of experiments in which channelling is observed, evaluated and interpreted. They pointed out that experimentally, flow channelling is characterised by flow paths of narrow width and by tracer breakthrough curves with a first arrival time much earlier than the mean arrival time of the tracer plume and a long tail at large times; furthermore, the breakthrough curves may exhibit multiple peaks representing tracer arrival from separate flow paths (Figs. 6, 7, 8) . Table 3 presents a summary of the main laboratory and field experiments related to flow channelling.
To summarise, channelling effects in fractured rocks have been well observed at multiple scales, from laboratory measurements to field observations. It is to be emphasized that flow channelling may occur (1) in the fracture plane because of strong variability in fracture aperture, (2) in a fracture network composed of fractures with a wide range of transmissivities, or (3) in general in a strongly heterogeneous porous medium system. What is the relationship between generalized flow dimensions from well test analysis and sparse channel network models?
Flow dimension refers to the number of space coordinates required to describe flow. In 3D homogeneous media, the flow dimension is expected to be 3. If the flow occurs in a plane, the flow has a dimension of 2, whereas if the flow is along a line, the flow dimension is 1. However, because of heterogeneities, the flow is restricted in space and therefore, the flow can have an integer or even fractional dimension smaller than the value for a corresponding homogeneous medium, i.e., a dimension that is a fraction smaller than 3, 2 or 1 for the heterogeneous 3D, 2D or 1D space respectively. For the 1D case, the smallerthan-1 dimension occurs if the 1D flow channel reduces in width. Black and Kipp (1981) and Black et al. (1986) propose a method for determining the hydrogeological parameters based on a prescribed sinusoidal pressure being applied to an Bexcitation^borehole. This test consists of observing the propagation of a pressure perturbation in the formation of interest and interpreting the test by fitting the observations with an idealized flow model. It was shown that if the fracture density is large and the system is isotropic, then a 3D spherical flow geometry might be considered appropriate. If the fracture density is low or the system is very anisotropic, a 1D or 2D flow model would probably be preferred. Barker (1988) presents the generalized radial flow (GRF) model. This model uses the flow dimension to describe how the cross-sectional area of flow changes with radial distance from the pumped well. In this approach, the flow dimension may have non-integer values, but within a framework of average radial flow and homogeneity. There are some difficulties in applying this model: (1) the flow dimension is not a rock property and is likely to be scale dependent, (2) an ideal 3D Fig. 7 Tracer breakthrough curves at various points in the pumping hole (from Abelin et al. 1990 ). The breakthrough curves at different locations show multiple peaks and long tails spherical flow geometry cannot be realized, and (3) anisotropy cannot be independently included. Thus, the physical interpretation of dimensionality is not quantitative, but provides a broad qualitative understanding. Doe and Geier (1990) present three complementary methods to determine the geometry and connection between existing fractures from borehole tests. The first method uses the evidence of boundary effects in the well test to determine the distance to and the type of fracture boundary. The second method uses the flow dimension of the borehole test to infer some information about the fracture system. In the third method, the spacing and transmissivity distribution of individual conductive fractures are extracted from fixed-interval-length borehole tests. These methods were applied to data from a well 360 m below the surface of the Stripa Mine (Sweden). It was found that the influence of the boundary effects in the well test data is small. This suggests that the fracture system is well connected, but a significant variation in the spatial dimension of the well tests data was found, ranging from sublinear (fractures which decrease in conductivity with distance from the hole) to spherical for 3D fracture systems. Also, it was found that during some pressure tests, the flow dimension changed with time.
In Doe (1991) , the generalized dimension approach is applied to the interpretation of constant pressure well tests. It is shown that the flow dimension cannot be uniquely interpreted because the flow geometry is related with local heterogeneities. This was pointed out as a limitation of the GRF method. Thus, the flow dimension needs to be combined with knowledge from geologic, geophysical and hydrologic data, to construct a suitable model of the fracture network.
In Geier et al. (1996) , transient flow data obtained from constant-head injection tests in Äspo Hard Rock Laboratory site were analysed using the GRF model. This methodology enabled the estimation of the flow dimensionality, conductivity, and transmissivity which can be used in the development and validation of flow models, and the quality of the conductivity database existing at Äspo site was checked.
Walker and Roberts (2003) and Walker et al. (2006) discuss how the determination of the flow dimension is influenced by system geometry and heterogeneities. In Walker and Roberts Water and tracer emergence points along fracture traces illustrating strong channelisation (from Abelin et al. 1985) . Flow and transport are highly uneven (2003) , it is shown that for a leaky aquifer, the flow dimension is a function of time and leakage factor. In Walker et al. (2006) , the flow dimension of stochastic models of heterogeneous transmissivity is determined. Results suggest that the flow dimension may be useful for selecting models of heterogeneity and their parameters. Kuusela-Lahtinen et al. (2002) apply the general solution for n-dimensional flow of Barker (1988) to study the possibility of using the flow dimension to characterise the flow in fractured rocks. Results show that a flow dimension of 1 (or less) is more prevalent than a flow dimension larger than 2; however, in many cases, some difficulties were found in distinguishing the flow dimension equal to 2, 2.5, and 3 from each other, mainly because of difficulties associated with the experiments, which led to conditions that are not ideal to apply the Barker's solution. 12 cm Tracer water was injected into the aperture between fracture surfaces Channel structures in a natural fracture were observed by video imaging and nuclear magnetic resonance imaging techniques Strong channelling at the submillimetre to several-centimetre scale were observed Brown et al. (1998) 19.5 cm Tracer water was injected through a core with a fracture along its axis Breakthrough curves were measured and showed a plateau which enabled the conclusion that the water flowed through channels Neretnieks et al. (1982) ; Moreno et al. (1985) 41 cm Experiments of flow over the length of a fracture were conducted as a function of fracture normal stress Irregular flow as a function of normal stress across fracture was observed Hakami and Larsson (1996) Field experiments 2.5 m Five boreholes were drilled in the plane of a fracture (Fig. 6 ) Boreholes were packed off in a 7-cm section A cross-hole pressure test was done Only approximately 20 % of fracture plane conducted water (Fig. 6 ) Bourke (1987) 1.95 m Two parallel boreholes 1.95 m apart were drilled in the fracture plane Each borehole was packed off in 5 cm sections. A cross-hole tracer test was made Five different tracers were injected into 5-cm sections of one borehole The tracer transport between the two boreholes was observed and the breakthrough curves showed multiple peaks and long tails (Fig. 7 ) , (1990) 5-10 m Two fractures were identified in one of the tunnels or drifts in the Stripa Mine Several boreholes were drilled from the drift to intercept those fractures at points 5-10 m from the drift (Fig. 8a ) A tracer was deposited at the intersections bracketed by packers emplaced in those boreholes Both the flow rate and the tracer concentration along the fracture-drift intersection were found to be highly variable (Fig. 8b ) Abelin et al. (1985) 10.6-29.8 m A single fracture was tested A conservative tracer was injected in a steady state dipole flow field using an injection and pumping wells separated by 10.6 m The obtained breakthrough curves displayed long tails Novakowski et al. (1985) ; Raven et al. (1988) 25-75 m A tunnel of about 100 m was constructed with three boreholes of 75 m in length, each drilled into the ceiling of the tunnel (so called Stripa 3D experiment) Tracers were injected through packed intervals in boreholes The flow rates and the tracer concentrations observed in collection sheets on drift walls were found to have a large degree of variability Abelin et al. (1987) 50-150 m Injection and withdrawal wells were drilled into a fracture zone 100-260 m below ground surface (so called Finnsjön experiments) Flow and tracer experiments were made Many tracer breakthrough curves, all with long tails and some multiple peaks, were obtained Andersson et al. (1988 Andersson et al. ( ), (1989 , (1990) 50-150 m Shafts and boreholes were drilled into three fracture zones (so called URL, Pinawa experiments) Tracers were injected through packed intervals in boreholes and collected at shafts Tracer breakthrough curves displayed long tails and multiple peaks Frost et al. (1992) ; Thompson and Simmons (1995) 1,000 m A tunnel and silo system in fractured rock at Forsmark observes inflows in tunnel wells A strong variability in the measured flow rates was found Neretnieks (1994) In the work of Kuusela-Lahtinen and Poteri (2010) , several data sets provided by constant pressure tests are analysed with the purpose of evaluating the flow channelling in the scale of a single fracture and the fracture network. Two tests have been carried out at the Onkalo site in Finland by using a 2-m test interval approximately at the depth of the planned repository of nuclear waste (400-450 m). One of the test intervals was intersected by a single fracture. In this case, the flow dimension was found to be 1.5 or 2.0, which indicates the possibility of narrow flow paths or flow in the fracture plane, respectively. The other analysed test interval was intersected by three fractures. The flow dimension was found to range between 2.5 and 3.0, which indicates the behaviour of a fracture network (homogenous porous media). Pumping tests were also simulated for different borehole locations over a heterogeneous fracture and the flow dimension was determined. Channelling effects were not clearly identified because most of the results showed a flow dimension of 2.0.
To conclude, flow dimension analysis can show effects of heterogeneity and that flow is not simply 3D or 2D; however, its interpretation is ambiguous since the results are also sensitive to flow boundaries and channel intersections, as well as testing time. Concerning the latter point, different testing times represent testing of different sizes of rock region around the testing borehole. Thus, when flow dimension analysis shows a simple 1D flow over an initial testing period, it can be inferred that channelised flow occurs only over the test volume corresponding to this initial time period. Nevertheless, flow-dimensional analysis may prove to be very useful if it is combined with other data on parameters of fracture or sparse channel networks and may also serve as a way of confidence building for the network models.
What is the significance of fracture shapes in hydraulic connectivity?
The importance of fracture shapes in hydraulic connectivity of channels was explored in Black et al. (2006 Black et al. ( , 2007 and was also discussed in Black (2011 Black ( , 2012 in a review of SKB's hydrogeological models for Forsmark. They examined how the shape of a transmissive planar feature affected its probability of intersecting other fractures. The evaluation was for the cases of two nearby discs and two nearby ellipses of gradually increasing aspect ratio (Figs. 9 and 10 ). The analysis concluded that when equidimensional features cease intersecting, nonequidimensional features continue to intersect even with a small probability.
According to Black's work, the intersection of two fractures is not a measure of network performance, whereas continuous connection across the entire network, i.e., percolation, is a key indicator. The percolation threshold of ellipses with different values of the aspect ratio was estimated by several authors. In Garboczi et al. (1995) , analytical predictions were made by using results from lattice models obtained by numerical modelling with ellipsoids of varying aspect ratio. In Robinson (1984) , numerical simulations of uniformly distributed square fractures in 3D space were made. De Dreuzy et al. (2000) analyse the intersection of 3D random ellipses with widely scattered distributions of eccentricity and size but within the context of networks with 'power law' size distributions. Figure 11 shows a compilation of the various results. The results presented by Black (2011 Black ( , 2012 , Garboczi et al. (1995) and Robinson (1984) , are consistent with each other, and show that, as the aspect ratio of the features increases, the area per volume density of the network required for percolation decreases. The value of percolation threshold reduces markedly beyond an Baspect ratio^of about 3 or 4. As aspect ratio increases from 1 towards 50, the feature density required for percolation drops by an order of magnitude. The percolation threshold for the same size of equidimensional objects lies between 0.15 and 0.5. In order to percolate, disc-shaped fractures require about twice the area density as elliptical fractures of the same area but with a major axis length of about 2 to 3 disc diameters. This result shows that equal size discrete fracture network (DFN) models need to have an overestimated density of fractures to percolate and that such DFN models may be a poor representation of reality. In other words, DFN models using fractures with an aspect ratio greater than one are in some cases more realistic. In sparse channel networks, the flow percolates at lower values of area per volume density than networks of equidimensional fractures.
The results presented by De Dreuzy et al. (2000) show that the percolation increases as aspect ratio of the ellipses increases from 1 to about 3, reaches a peak at an Baspect ratioô f 4, and whatever the distributions of length and eccentricity, the values of percolation threshold remain restricted to a range of less than one order of magnitude. This shows almost no dependence of percolation on the aspect ratio of the ellipses and that the most important parameter is a percolation parameter that measures the volume around one ellipse that is not accessible to another ellipse. This parameter is a function of the system size, the eccentricity of ellipses in the system, the number of ellipses in the volume, and the minor axis of ellipses in the system. Black et al. (2007) point out that the results presented by De Dreuzy et al. (2000), with a peak value at an aspect ratio of 4 and almost no dependence on aspect ratio, look anomalous and unlikely. Black (2014) points out a possible error in the calculation of the percolation parameter for ellipses with a power law distribution of sizes.
In Mourzenko et al. (2004) , the fracture network permeability is investigated numerically using a 3D model of plane polygons uniformly distributed in space with sizes following a power-law distribution. The influence of the parameters of the fracture size distribution such as the power-law exponent and the minimal fracture radius, on the permeability of the fracture network is analysed. In Mourzenko et al. (2005) , a numerical study of the influence of the fracture domain size, the flow dimension, and the fracture shape on the percolation threshold of fracture networks, is made. The work reported in these two papers, together with the work reported in De Dreuzy et al. (2000) , concluded that the fracture shape is of secondary importance when it comes to hydraulic fracture connectivity; however, this conclusion depends on constraints and calibration data used in the comparison of results with different fracture shapes.
To summarise, the effect of fracture shape on percolation through sparse channel network may be important. The different conclusions from alternative analyses could be due to the different constraints used in the analyses such as the different types of calibration data and the use of power law size distribution and other assumptions.
How does the probability of flow channels encountering a deposition hole relate to the characteristics of a sparse channel model?
The waste-canister-deposition holes in a waste repository can be intersected by fractures with channels of flowing water. The flow rate around a deposition hole and around tunnels controls the rate of transfer of corrosive agents as well as the rate of escaping nuclides to the biosphere. Once escaping nuclides reach the flowing water in the channel, they can be transported further into the channel network, mixing with water from other channels at some channel intersections or dividing into several outflowing channels at other intersections.
Geier (2014) presents an assessment of the SKB's conceptual model for flow through the fractured rock at Forsmark Fig. 9 Intersection of circular discs and ellipses with different aspect ratio a/b (from Black et al. 2007) . Here a and b are the major and minor axes of the ellipse, respectively, and R is distance between the centres Fig. 10 Probability of intersection of two identical ellipses as a function of their scaled separation for ellipses of different aspect ratios (from Black et al. 2007) . Here a and b are the major and minor axes of the ellipse, respectively, and R is distance between the centres together with a set of relevant supporting analyses. In this work, four types of models are discussed. Two of these models are DFN models that include heterogeneity in terms of fracture intensity. Possible consequences of using these models include a moderate increase in the number of deposition holes with high flow rate and an increase of up to an order of magnitude in the maximum flow rates. Also, a clustering of deposition holes that are subjected to high flow rates, can be assessed. The two other types of models that were discussed include some degree of channelised flow: variable-aperture DFN model and sparse channel network model. A very simplified variable aperture DFN model was also used in a limited assessment in support of Finland's repository programme. The model assumed that the fractures are non-transmissive on randomly distributed patches occupying some specified fraction of its area, with no larger-scale correlations. Results showed an increase of a few percent in the number of deposition holes that are connected to the flowing fracture network. Some discussion was presented on the sparse-channel network model, but it has not been considered in this work to estimate flows to deposition holes in a repository.
Summarizing, no literature was found on a systematic study of the impact of a sparse channel network on potential flow into deposition holes as a function of sparse channel parameters. Further investigation along this line may be useful.
What are the specific site studies where channel models have been used to model flow and transport in fractured rocks and what are the main findings?
Sparse-channel network models have been applied only to simulate flow around open tunnels (Black et al. 2006) , and the channel model developed by Moreno and Neretnieks (1993) has been applied with Bnon-sparse^parameters to model flow and solute transport experiments at Äspo site. These studies are presented in Table 4 . In addition, flow channelling in the plane of single fractures has been included in a study of flow and transport in a fracture network by Larsson et al. (2013) . Selroos et al. (2002) present a comparison of the results for fluid flow and solute transport from the waste canister to the biosphere at the Äspo site (Sweden), obtained with a stochastic continuum, a discrete fracture network and a channel network models. In the three cases, the same modelling domain, boundary conditions, repository layout, and definition of more parameters, were considered. In each modelling approach, the spatial variability of the rock mass was considered by mean of Monte Carlo simulations. The realizations are summarised by the statistics of three simplified measured of geosphere performance: travel time, transport resistance, and canister flux. Results show that the three approaches predict similar median travel times and median canister fluxes, but dissimilar variability. Results also show similar locations for particles exiting the geosphere.
Discussion and conclusions
This paper presents a literature review regarding the existence and significance of flow in sparse channel networks in the context of the performance assessment of nuclear waste repositories in crystalline rock, and several key questions were addressed. The main findings may be summarised as follows.
Laboratory and field experiments show that a channel network model is a possible description of flow and solute Fig. 11 Estimated percolation threshold as a function of aspect ratio a/b (from Black 2011) transport in fractured rocks. In particular, the use of conventional fracture network models in nuclear waste repositories in very low-permeability fractured rock can lead to unrealistic results in terms of tracer first arrival times and long tails in tracer concentration at large times. However, whether a sitespecific flow system in fractured rock can be represented by a sparse channel network cannot be simply decided. This depends on various site data, and in particular on the size of flow channel spacing as compared with the size of flow domain of interest.
Flow dimension of 1 as determined by well test analysis using GRF developed by Barker (1988) may indicate that the flow is channelised. However, deviation from flow dimension of 1 will occur when flow is affected by multiple channel intersections (or when a fracture is intersected by more than one inflow and one outflow fractures); thus, the flow dimension may be one near a test well in a region without channel intersections, as seen by early pressure data, but may become more than one in late-time data covering a larger region where many channels begin to intersect each other. Hence, the value of flow dimension depends on the density of channel intersections and local heterogeneities as a function of distance from the borehole where injection or pumping is imposed and in this way is space-scale dependent.
Channel models can be used to assess the safety of nuclear waste repositories by predicting not only large-scale flow and contaminant transport but also the flow around waste-canister deposition holes and the escape of radionuclides to the biosphere. The flow rate around a deposition hole controls the transference rate of corrosive agents and escaping radionuclides to the flow system. The degree of water inflow may range from moderate to high, dependent on several factors such as the number of channels that intersect the deposition hole, the number of intersections between the channels, the sparseness of the channels and the conductivity of the channels. The degree of total water inflow into a repository overall does not depend directly on the type of model used to describe the flow system because such model is calibrated to reproduce the overall large-scale permeability of rock around the repository. The migration of radionuclides to the biosphere however The simulation required the knowledge of the geometry of:
Field data (fracture zones and boreholes, conductance distribution of the channels, FWS area, tracer and rock interaction properties); and Flow porosity, pore porosity and effective diffusivity (data from the Stripa Mine data).
Results of the main tracer experiment were reproduced (simulated) in reasonably good agreement, while other test results were overpredicted by the model Gylling et al. (1994 Gylling et al. ( ), (1998 Gylling et al. ( ), (1999a A channel model of 30 × 30 × 40 m was developed to predict tracer tests carried out within a 30-m cube scale experiment (TRUE tests)
The model includes a tunnel with the niche, several boreholes, and two fractures.
Radially converging tracer tests by using nonsorbing tracers, a dipole experiment and tests with sorbing tracers were carried out
The mean transmissivity values for the fractures were obtained from experimental data
The radial convergent test was well predicted by the model For two of the tests some loss of tracers to the tunnel was predicted, but not so much as the experiments showed Gylling et al. (1999a) The channel network model and a near field model were integrated to follow a nuclide from a leaking canister to the effluent points at the ground surface The channel network model was used to calculate the flow rate in the channels near the deposition holes A near field model was used to follow the transport of corrosive agents to the canister deposition hole and the release of nuclides from a canister to the near field of a repository Liu and Neretnieks (2006) The channel network and near-field models were coupled for safety assessment at Forsmark site Simulations were carried out for 90 different canister locations A reasonably good agreement was found for the F-ratio obtained from the simulations and that presented in Joyce et al. (2010) who used a fracture network model Liu et al. (2010) may depend strongly on the type of model: in channel models the first arrival being much earlier than in discrete fracture network models. The channel model developed by Moreno and Neretnieks (1993) has been applied with Bnon-sparse^parameters to model flow and solute transport experiments at Äspo. Several studies show that channelised flow paths in fracture rocks can lead to differences for flow and solute transport characteristics compared to other fracture rock models (e.g. Selroos et al. 2002) . So far, sparse channel models have been implemented mainly to explain the so-called Btunnel skinê ffects around tunnels, which cannot be explained by Bnonsparse channel^models.
The determination of appropriateness of representing an in situ flow system by a sparse channel network model through site characterisation data is not straightforward and deserves further investigation-for example, how the different types of site characterisation data, ranging from tunnel wall seepage observations to pressure and tracer tests, can be used to characterise the channel network deserves careful consideration. The density of channel or fracture intersections is an important parameter in understanding the flow properties of channel network and it should be estimated as part of site characterisation.
The relation between the fracture properties and stress state has been studied, but the consistency of the characteristic of the channel network in fractured rock with the distribution of local anisotropic stress state has been neglected so far. Rock fractures at the deep subsurface are under large stresses with the result that there will be closures with zero apertures over large areas of the fracture plane, giving rise to flow channelling. The local aperture and permeability over the fracture plane of each of the fractures or channels in the network, with its own orientation, shape and mechanical stiffness, need to be consistent with the local 3D stress field (Stephens et al. 2015) . Furthermore, if there are changes in pore pressure or local stress field due to, for example, (1) its location near an excavated tunnel, (2) water desaturation and resaturation, or (3) overland glacier movements, the fracture apertures may deform by a factor that is spatially variable, giving rise to changes in the characteristics of the overall channel network. These changes may be very significant especially for the case of sparse channel networks.
The present review leads to suggestions of the need for: (1) a generic and systematic study to develop a site characterisation approach to obtain parameters of a potential channel network model to represent flow and transportation in tight fractured rocks, assuming cases ranging from a situation of a dense to that of a sparse channel network; (2) to study the changes in the characteristics of channels induced by changes in the stress field which is strongly heterogeneous for fractured rock; (3) to apply the channel network model to a sitespecific study assuming different degrees of channel sparseness, properly calibrated against selected sets of field data, in order to investigate the impact of repository-relevant issues as a function of channel sparseness.
